Three phages, isolated from soil samples collected in different localities, produced turbid plaques with a characteristic morphology on Streptomyces coeZicoZor ~3 ( 2 ) . Surviving growth from the plaques was lysogenic: when isolated and purified it was resistant to lysis by the homologous phage and released phage at a low frequency during growth. The three phages were homoimmune. The chromosomal attachment site of one of the prophages, VP5, was mapped in a position between hisE and cysD -that is, in a region devoid of standard markers -on the circular linkage map of the host, by crossing defective lysogens with sensitive strains. The host range of VP5 was restricted; only certain strains belonging to the S. coelicolor (S. violaceorkber) group were attacked. VP5 gave rise to clear-plaque mutants, incapable of lysogenizing the host, at a spontaneous frequency of I O -~, which was increased by U.V. irradiation and by hydroxylamine mutagenesis ; the clear-plaque mutants were incapable of lysing strains carrying the wild-type prophage. Electron microscopy showed that VP5 belongs to group B of Bradley's morphological classification.
INTRODUCTION
Welsch (1956) was the first to show, by rigorous criteria, the occurrence of true lysogeny in members of the genus Streptomyces. Welsch (1959) was unable to demonstrate lysogenization by any phages isolated from natural sources ; instead, spontaneously occurring lysogenic cultures were shown to exist when they released phages capable of forming plaques on sensitive indicator strains. The same experience was reported in later Russian publications (see references in Lomovskaya, Mkrtumian, Gostimskaya & Danilenko, I 972). The most detailed of these studies are those of Lomovskaya, Emeljanova & Alikhanian (1971) and Lomovskaya et al. (1g72) , who showed that Streptomyces coelicolor ~3 ( 2 ) , the strain in which most genetical work has been done (Hopwood, 1967; Sermonti, 1969; Hopwood, Chater, Dowding & Vivian, 1973) , harbours a prophage, presumed to be defective because of its very low spontaneous frequency of induction. Once released, the phage formed large turbid plaques on a sensitive indicator strain. The phage isolated from these plaques, called 0C31, readily lysogenized the indicator strain, and also ~3 ( 2 ) and its derivatives provided that these had been cured of the defective prophage; all the artificially prepared lysogens then released phage at an easily detectable frequency. A chromosomal attachment site was demonstrated by crossing lysogenic and non-lysogenic derivatives of ~3 ( 2 ) .
In a study in which 28 phages capable of forming plaques on Streptomyces coelicolor ~3 ( 2 ) were isolated from soil samples, Dowding (1972) found that some produced turbid plaques from which lysogenic growth could be isolated. One, VP5, is described in the present Phage isolation. VP5 was isolated by the method of Welsch, Minon & Schonfeld (1955) from a soil sample from Norwich, Norfolk. The method of specific enrichment (Dowding, 1973) on Streptomyces coelicolor ~3 ( 2 ) was used to isolate VP7 and VP14 from soil samples collected from Wymondham and Old Buckenham, Norfolk, respectively.
General phage techniques. The methods and media used in phage propagation and assay were those described by Dowding (1973) . It was found that VP5 did not reproduce under the shaking-flask lysate conditions described for the virulent phage VPII, so that the confluent-plate lysate method was used exclusively, yielding lysates containing about roS plaque-forming units/ml.
Phage mutagenesis. Ultraviolet irradiation was performed as described by Dowding (I 973). For chemical mutagenesis, hydroxylamine hydrochloride (B.D.H. Chemicals Ltd, Poole, Dorset) in distilled water at a concentration of 0.4 M was brought to pH 6.8 with a small volume of 6 N-NaOH. Equal volumes of this solution and of VP5 lysate were mixed and incubated at 30 "C. Samples were withdrawn at intervals, immediately diluted at least Iooo-fold, and plated.
Electron microscopy. Phage from lysates was concentrated, partially purified and examined by the methods described by Dowding (1973) .
RESULTS

Plaque morphology of VP5
The plaque morphology of VP5 after overnight incubation is shown in Fig. I ; the plaques have a clear centre surrounded by a broad turbid halo. On continued incubation the plaques of VP5, unlike those of the virulent phage VPII (Dowding, 1973) , increased in size and changed in morphology. After 3 days' incubation ( Fig. 2 ) the turbid halo seen in young plaques (Fig. I ) became converted into a zone of vigorous bacterial growth, surrounded by a second zone of lysis, and this in turn was surrounded by a turbid halo. Two other phages, VP7 and VP14, showed plaque morphologies identical to that of VP5.
Isolation and characterization of lysogens
Since a clear zone of lysis was present outside the surviving bacterial growth in each mature plaque of VP5, it was unlikely that host survival was due to the onset, with age, of Temperate phages for Streptonzyces coelicolor 3 s physiological incompetence to support phage reproduction. To test the hypothesis that resistance was due to lysogenization, the resistant growth from ten plaques grown on strain A200 (ade-vIo pheAI strAI UF) was streaked on MM supplemented with adenine and phenylalanine. When the colonies had sporulated, a number were purified by further streakings and tested for resistance to VP5. All colonies tested were resistant and retained the genetic markers of the starting strain. One colony, strain 1829, was chosen for further study. To test for phage release, a spore suspension of strain 1829 was prepared and washed three times by centrifugation and resuspension in distilled water. The final wash was membrane-filtered and plated on A 2 0 0 to assay free phage. Suitable dilutions of the washed spore suspension were plated and immediately overlaid with A200 to test for spontaneous phage Temperate phages for Strep t omy ces coelico lo r 353 release. The plaque counts from these platings are shown in Table I . The most striking observation was that the counts from the 1829 platings increased gradually on prolonged incubation. Very small new plaques appeared and were observed to grow in diameter. No such increase in plaque count was seen on the plates on which free phage from the washings had been spread and indeed has never been observed when free VP5 has been assayed. The 1829 suspension used for plating contained I x 10' colony forming units/ml. Evidently 3 to 4 % of the colonies derived from the spores plated had released phages at some time earlier than 64 h under these conditions. Further plates of the washed 1829 spore suspension were overlaid with A200 after 3 days' growth and incubated overnight. Every colony was surrounded by a zone of phage lysis (Fig. 3) . Control colonies of ~2 0 0 similarly overlaid showed no signs of lysis. These observations provided evidence that VP5 could readily lysogenize derivatives of Streptomyces coelicolor ~3 ( 2 ) , and the lysogens slowly released phage during growth. Such phage release by presumptive lysogens has invariably been detected when it has been sought even after many single colony isolations, some of them on CM, which does not allow plaque formation by this or some other actinophages (Dowding, 1972) . The spontaneous frequency of induction could not be increased by U.V. irradiation.
Similar wild-type phages
Presumptive lysogens carrying prophages of the two other phages with VPg-like plaque morphology, VP7 and VP14, were prepared. A lysogen carrying any one of the three prophages showed no signs of lysis by any of the three phages. Thus the three phages appeared to be homoimmune.
Clear-pkdque mutants Occasional clear-plaque mutants were observed on plates sown with large numbers of VP5 particles. The spontaneous frequency was determined by picking five well-isolated single plaques of wild-type VP5 into 2 ml broth samples with sterile Pasteur pipettes, allowing the phages to soak out for I to 2 h, and membrane filtering the resulting phage suspensions. These were plated, and the plates were examined for clear and sectored plaques after incubation for 24 h. All presumptive mutants were picked and retested. Out of about 12000 plaques from each of the five platings the numbers of clear-plaque mutants were : 0, I, I , I , 3, giving a spontaneous mutant frequency of about I x IO-*.
After U.V. irradiation to about I yo survival, nine clear-plaque mutants were found among 418 I plaques (2 x IO-~). Treatment with 0.2 M-hydroxylamine induced significant proportions of clear-plaque mutants, up to 6 x I O -~ at I yo survival ( Table 2) .
It was found that strains lysogenized with wild-type VP5 were resistant to lysis byclearplaque mutants.
A chromosomal location for the VP5 prophage Since a possible complication in attempts to map the prophage attachment site by looking for segregation of phage resistance versus sensitivity in crosses of lysogenic with nonlysogenic strains was zygotic induction (Jacob & Wollman, 1956 ), a UF strain was chosen as the lysogenic parent. In crosses with NF donors, UF strains act as recipients (Hopwood et al. 1969) . The lysogen, strain 1829 (ade-vIo pheAI s t r h ) was crossed with NF strain 1258 (~~o A I hisAi argAI cysD18 uraAI strAI), and a sample of 150 progeny recovered on non-selective medium was tested for standard markers and for sensitivity or resistance to VP5 by replica plating to nutrient agar spread with a clear-plaque mutant of VP5. All the colonies were VPg-resistant. Owing to the nature of the zygotes in NF x UF crosses (Hopwood et al. 1969), this result was compatible with chromosomal location in the right-hand half of the linkage map, since for markers in this region the frequency of the allele coming from the UF parent approaches IOO %. However, phage release by the lysogenic parent in the cross, followed by lysogenization or lysis of sensitive individuals, could have resulted in all progeny becoming lysogenic, irrespective of any chromosomal location of the prophage. This complication was avoided by isolating a defective lysogen, as follows. Strain 1829 was treated with NTG and the surviving colonies on nutrient agar were overlaid with ~3 ( 2 ) to indicate phage release. Out of 3358 colonies tested, one was found not to release phage. Moreover, on testing it was found to retain VPg-resistance, and this colony (strain 1854) was selected as presumptively carrying a defective VP5 prophage.
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In a cross of UF strain I 854 with NF strain 949 (argArproAr cysA15 nicAr uraAr), a sample of IOO progeny were all VPg-resistant. One of these recombinant progeny, NF strain 1860 (argAr proAr cysA15 nicAr uraAr pheAr strAr), was crossed with a non-lysogenic UF strain, 1516 (hiscg), and this time all IOO progeny tested were VPg-sensitive. Both results were compatible with a chromosomal location in the right-hand half of the map, and this was revealed by a further cross of two UF strains (UF x UF crosses have a low but reproducible fertility, seeVivian & Hopwood, 19-70). The progeny from this cross showed an unambiguous segregation of VPg-resistance versus sensitivity, leading to the identification of a map location between argA and cysD. Lomovskaya et al. (197 I ) identified a chromosomal location for the defective prophage of 0C3 I , also between argA and cysD ; this was done in crosses of strains carrying the wildtype defective prophage with strains cured of the prophage. 0C31 and VP5 are heteroimmune, as shown by the sensitivity of ~3 ( 2 ) and its derivatives (which carry the defective 0C31 prophage) to VP5 and by our finding that 1326 lysogenized by either of the two phages remained susceptible to the other. To see whether the attachment sites of VP5 and 0C31 were closely linkeda cross was performed between a defective VP5 lysogen, also carrying the wild-type defective 0C31 prophage, and a strain that had been cured of the defective 0C31 prophage (and not carrying VP5); this strain was isolated from the survivors of U.V. irradiation to a survival of I O -~ as described by Lomovskaya et aZ. (1971) . Progeny from the cross were classified in respect of resistance versus sensitivity to each of the two phages by Temperate phages for Streptomyces coelicolor 355 replication to plates spread with clear-plaque phage mutants. The results (Table 3) confirmed the location of the defective OC31 prophage anti-clockwise of leuB and showed the VP5 attachment site to be between drgA and the attachment site of OC3 I , and not close to the latter. There are several other markers between argA and the beginning of the 'silent region' that occupies nearly a quarter of the linkage map between argA and cysD (Hopwood, 1966a , b) ; the locus nearest to the silent region is hisE. In a further cross (Table 4 ) between a recombinant carrying the defective VP5 prophage and a sensitive strain, the attachment site of VP5 was found to be clockwise of hisE, that is within the 'silent region'.
Host range of VP5
The host range of many bacteriophages attacking actinomycetes is wide; the virulent phage VPI I , isolated on Streptomyces coelicolor ~3 ( 2 ) , had a remarkably wide host range (Dowding, 1973) . VP5 and a sample of its clear-plaque mutants were tested on a collection of Streptomyces wild-types, including those used by Dowding (1972) for VPI I. Negative I , 2, 3 9 4 -I results were obtained in all cases except on three S. coelicolor (S. violaceoruber) wild-types and strain I 326; one other S. coelicolor (S. violaceoruber) wild-type was insensitive. Thus the host-range of the temperate VP5 is much narrower than that of virulent WII. Figure 4 shows two particles of VPg negatively stained with neutral potassium phosphotungstate. The phage is seen to have a hexagonal head and a long, flexible striated tail. It thus belonged to group B of Bradley's (1967) morphological classification. Measurements taken from 20 particles showed the dimensions to be as follows: head length, 58.6 2 1-2 nm; head width, 58-4+-1-5 nm; tail length 166 +-2-5 nm; tail width between 10 and 12 nm. VP7, one of the other independently isolated phages homoimmune with VP5, had the same morphology and dimensions as VP5.
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DISCUSSION
The majority of reports on lysogeny in Streptomyces have been concerned with attempts to isolate viruses by the induction of prophages which might be naturally present in the strains tested. The only published attempts to lysogenize a culture with phage not produced by it appear to be those of Welsch (1959) . One of the main advantages of lysogenizing a strain with such a phage is that an indicator culture does not have to be discovered (see Shirling ) and VP5 (data in the present paper). The point NF is the site of interaction of plasmid SCPI (Vivian, 1971) with the chromosome in the NF fertility type (Vivian & Hopwood, 1970; Hopwood et al. 1973). 1956). Welsch was unable to show, for a Streptomyces griseus strain, that any of the survivors of phage infection were true lysogens. He discussed the occurrence of 'pseudolysogeny ', which is common in streptomycetes and probably arises from their mycelial growth habit. This results in a culture containing cells of varying morphological and physiological states, not all favourable to phage propagation. Thus a culture originally infected with a virulent phage may come to contain considerable numbers of phenotypically resistant but genotypically sensitive units. Unless the culture is stringently cloned on subculture, ideally under conditions unfavourable to phage adsorption, it may continue to show phage 'release' indefinitely, even though it contains no truly lysogenic units. Evidence described above indicates that three phages isolated independently from soil samples collected from sites separated by at least 10 km are able to lysogenize Streptomyces coelicolor ~3 ( 2 ) .
The three main pieces of evidence are : the surviving growth in the plaques was, when isolated and purified, resistant to the phage; the resistant strains, after exhaustive purification, continued to release phage spontaneously, giving rise to colony-centred plaques on a lawn of the sensitive parent strain; and a chromosomal attachment site for the presumed prophage was recognized.
The rise in plaque counts observed when spores of a lysogen were plated with a sensitive strain (Table I) may be explained by the reasonable assumption that lysogenic colonies had to reach a critical size before there was a high statistical chance of at least one of their constituent cells releasing phage by spontaneous induction. Only 3 to 4 % of the spores plated appeared to give rise to colonies releasing phage; the rest of the colonies were probably inhibited from reaching the critical size by competition with the mass of host in the overlay. This explanation is supported by the observation that colonies overlaid after 3 days all released phage. A similar situation appeargto exist for 0C3 I. Lomovskaya et al. (1972) found D O W D I N G A N D D. A. HOPWOOD that overlaid single colonies always gave rise to colony-centred plaques, whereas when washed spores were overlaid immediately about I yo of them gave plaques during the first 14 h of incubation.
The unusual appearance of VP5 plaques after prolonged incubation may also be explained in terms of lysogeny. It is known, in some systems at least (Lieb, 1953; Jacob & Wollman, 1959) ~ that the initial multiplicity of infection (m.0.i.) of a temperate phage affects the frequency of lysogenization. A low m.0.i. more often leads to the lytic response, while a high m.0.i. tends to give lysogeny. The concentration of phages in the plaque will remain low initially, giving rise to the clear (lysed) centre. The second, turbid, zone would arise as the phage concentration rose and this zone would eventually remove most of the remaining free phages. As the lysogenic host grew, it would release phages, initially in small numbers, and these would be responsible for the second lytic zone observed.
The origin from VP5 of clear-plaque mutants, still unable to lyse strains carrying the wildtype prophage, suggests that such mutants have lost the ability to establish or maintain lysogeny but still remain susceptible to the phage represser system. A similar situation was described for 0C31 by Lomovskaya et al. (1972) , who also isolated mutants that may have produced a temperature-sensitive represser. Clear-plaque mutants of VP5 are currently being utilized in a search for nonsense-suppressors in the host (Najfeld, 1973) .
The chromosomal locus defined by segregation of phage immunity versus sensitivity in crosses of a presumed defective lysogen with sensitive strains is assumed to be the attachment site of the prophage. The map location of this attachment site is interesting, falling as it does within a long region of the linkage map devoid of normal auxotrophic, drugresistance or temperature-sensitive markers (Hopwood, I 966 a, b) . Moreover, the attachment site of phage OC31, mapped by Lomovskaya et al. (1971) , is probably also within the same segment of the map although its position relative to one auxotrophic locus, argD, at the edge of this region, has not yet been determined (Fig. 5) . In the absence of a measure of the lengths of chromosomal intervals in physical terms it is still uncertain whether this 'silent region' of the linkage map represents a long segment of DNA devoid of genes accessible to study by the isolation of normal classes of mutations, or whether it represents a physically short region in which the probability of recombination/unit length is abnormally high (Hopwood, 1 9 6 6~) .
The association of both prophages so far studied with this region of the linkage map is unlikely to be coincidental. Conceivably an increased recombination frequencylunit length of the chromosome in this region of the linkage map may occur through some kind of site-specific recombination involving prophage attachment sites.
The work reported in this paper has defined a new system involving a temperate phage and a genetically well-characterized host streptomycete, Streptomyces coelicolor ~3(2). We have now available at least one virulent phage for S. coelicolor ~3(2), VPII (Dowding, 1973) ~ and two heteroimmune temperate phages, VP5 and (21C31. Their further study is likely to increase knowledge of fundamental processes involving interactions between viruses and morphologically differentiated bacteria. Some of this knowledge may be applicable to practical problems of strain improvement in industrially important actinomycetes (Hopwood, 1972) .
